It is well established that maternal undernutrition and micronutrient deficiencies can lead to altered development and behaviour in offspring. However, few studies have explored the implications of maternal Mg deficiency and programmed behavioural and neurological outcomes in offspring. We used a model of Mg deficiency (prior to and during pregnancy and lactation) in CD1 mice to investigate if maternal Mg deficiency programmed changes in behaviour and NMDAR subunit expression in offspring. Hippocampal tissue was collected at postnatal day 2 (PN2), PN8, PN21 and 6 months, and protein expression of NMDAR subunits GluN1, GluN2A and GluN2B was determined. At 6 months of age, offspring were subject to behavioural tasks testing aspects of anxiety-like behaviour, memory, and neophobia. Maternal hypomagnesemia was associated with increased GluN1, GluN2A and GluN2B subunit expression in female offspring at 6 months, but decreased GluN1 and GluN2A expression in males. The GluN2B:GluN2A expression ratio was increased in both sexes. Male (but not female) offspring from Mg-deficient dams showed anxiety-like behaviour, with reduced head dips (Suok test), and reduced exploration of open arms (elevated plus maze). Both male and female offspring from Mgdeficient dams also showed impaired recognition memory (novel object test). These findings suggest that maternal Mg deficiency can result in behavioural deficits in adult life, and that these changes may be related to alterations in hippocampal NMDA receptor expression.
Introduction
Maintaining adequate maternal nutrition during pregnancy is critical for achieving good health outcomes in offspring. Both maternal undernutrition and micronutrient deficiencies can alter fetal development and increase susceptibility to disease in adult offspring, an effect known as the 'fetal/developmental programming' of adult disease [1] . Early studies on the developmental programming of disease focussed predominantly on cardiovascular and metabolic diseases, however it is now clear that neurobehavioural outcomes can also be influenced by maternal nutrition status.
Magnesium (Mg) is the most abundant intracellular cation, and it is critical for cellular growth and function. Dietary Mg deficiencies have been associated with the development and incidence of various chronic diseases [2] , and low dietary Mg intake remains widespread amongst the adult population. It is estimated that approximately 20% of adults in developed countries consume less than two-thirds of the recommended daily intake (RDI) of dietary Mg (320 mg) [3] . Low Mg intake is particularly prevalent in women, with a recent Australian study finding that less than one-third of women of reproductive age meet the RDI for Mg [4] . These findings are supported by the US National Health and Nutritional Examination Survey data from the period [2001] [2002] [2003] [2004] [2005] [2006] , which reported that 64% of women aged 19-30 consumed less than the estimated average requirement for Mg [2] . Recently, we found that maternal Mg deficiency adversely affected offspring by impairing placental growth and fetal development in an animal model of dietary Mg deficiency [5] . Although experimental studies in rodents have shown that maternal micronutrient deficiencies can program for altered neurophysiology and behavioural deficits in offspring [6, 7] , no studies have investigated long-term neurobehavioural outcomes following maternal Mg deficiency.
N-methyl-D-aspartate receptors (NMDARs) are Mg-gated receptors that have a central role in neuronal function and communication. In the hippocampus, NMDARs are crucial in both cognitive tasks such as learning and memory and emotionality, and modulation of NMDAR function is implicated in the development of anxiety-like behaviours [8, 9] . Functional NMDARs consist of glycine-binding GluN1 subunits which form tetrameric structures with GluN2 or GluN3 subunits (GluN2A to D and GluN3A and B) [10] . In the rodent, the developing brain predominantly expresses the GluN2B subunit. During early postnatal life there is a change in the architectural composition of NMDARs such that GluN2A expression increases, whilst expression of the heteromeric partner GluN1 remains relatively constant [11, 12] . This crucial period of brain development is strongly influenced by the post-natal experience, and perturbations during this period can have long-lasting effects [13, 14] . Nutritional deficiencies such as maternal protein deprivation during this period can impact upon NMDAR receptor expression and composition, even in adulthood [15, 16] . Importantly, micronutrient deficiencies during this critical window can also exert long-lasting effects, with gestational deficiencies in zinc and iron both leading to reduced NMDAR subunit expression in adulthood [17, 18] .
Numerous studies have shown that nutritional deficits during fetal and early postnatal development adversely impact upon neural development and behaviour, and dietary Mg deficiency during adulthood exacerbates anxiety-and depressive-like behaviours [19, 20] However, there is limited information regarding the potential impact of Mg deficiency during the crucial developmental period, and the potential impact gestational Mg deficiency on adult offspring. In this study, we used a model of moderate maternal Mg deficiency [5] to evaluate the effects of gestational Mg deficiency on hippocampal NMDAR expression and behaviour in offspring. We hypothesised that maternal Mg deficiency would alter neonatal NMDAR receptor expression and lead to behavioural changes in the adult offspring.
Materials and methods

Ethics
All studies were approved by The University of Queensland Animal Ethics Committee (SBMS/154/12/NHMRC/NHF) and conducted according to the National Health and Medical Research Council of Australia guidelines.
Animal treatment
Female CD1 mice (7 weeks old) received either a control Mg diet (0.2% w/w Mg), or moderately Mg-deficient diet (MMD; 0.02% w/w Mg, Glen Forrest Stockfeeders, Speciality Feeds, Western Australia) for the 4 weeks prior to mating and throughout pregnancy and lactation. This low Mg diet has been shown to significantly reduce plasma Mg concentrations in pregnant mice [5] . Offspring were weaned at PN21 and placed on a standard laboratory rodent chow diet. Offspring were aged in separate cohorts to postnatal day (PN) 2, PN8, PN21 and 6 months (N = 5-6 litters per group). Offspring were weighed and animals euthanized by decapitation at PN2, PN8 and PN15, and by cervical dislocation at PN21 and 6 months. Brains were carefully removed, snap frozen in liquid nitrogen, and stored at −80°C. A separate cohort of mice was aged to 6 months for motor and behavioural testing. Following behavioural tests, mice were euthanized by cervical dislocation and brains collected. Note that only animals at 6 months of age underwent motor and behavioural tests (N = 11-12 per group, using 1-2 mice of each sex per litter).
Grip strength
Motor strength was measured before conducting behavioural tests to identify possible motor weakness that would be a confounding factor during behavioural testing. All tests were conducted using an Imada digital force gauge. To measure forelimb strength, a mouse was removed from its home cage (via grasping the base of the tail) and gently lowered over the top of the bar connected to the force transducer. The mouse was allowed to fully grasp the bar of the force transducer (front paws only) before pulling the mouse horizontally away from the bar until grip was fully released and the peak force was recorded. This was repeated 5 times for each mouse with a 10-min rest period between replicates. For simultaneous forelimb and hind limb measurements, this procedure was repeated but each mouse was allowed to grip the bar of the force transducer with both front and hind limbs.
Behavioural testing
All behavioural tests were conducted in the animals' homeroom. All tests were conducted 2 h following the initiation of the dark phase of the light cycle and within a 4-h timeframe (08:00-12:00). Anxiety-like behaviour was assessed in offspring using the regular Suok test [21] and the elevated plus maze [22] . The hole-board test was used to assess independent measures of exploratory tendency and neophobia. Novel object recognition was performed to test recognition memory with a short habituation period (5 min) 24 h before the familiarisation phase [23] . An observer blinded to the animal treatment scored behaviours manually. All equipment was cleaned with 70% ethanol between tests to remove olfactory cues between mice. Tests were performed in the following order: Suok, elevated plus maze, hole-board, and novel object test. There was a 1 week interval between each test, and animals were euthanized 1 week after the final behavioural test.
Suok
All equipment construction and procedures were conducted as per Kalueff et al. [21] . The arena was dimly lit (15 lx, white light) and video recording device equipment was set up in front of the arena. A mouse was placed in the centre of the beam with the snout facing either end and allowed to move freely for 5 min. Activity was continuously recorded and observed throughout before the mouse was returned to its home cage. Exploratory behaviour including head dips and slips/ falls were analysed. Fewer head dips and a greater number of slips/falls were considered indicative of anxiety-like behaviour.
Elevated plus maze
Equipment construction and setup and protocols were followed as per Walf and Frye [22] . The arena was dimly lit (15 lx, white light) and video recording device equipment was set up above the arena. An individual mouse was placed in the middle of the arena facing the open arm opposite the experimenter and allowed to move freely for 5 min. 
Hole-board
The hole board apparatus was constructed into a square-shaped arena (40 × 40 cm) with 4 equidistant holes (3 × 3 cm) and was constructed from grey plastic. The arena was dimly lit (15 lx, white light) and video recording device equipment was set up above the arena. An individual mouse was placed in the middle of the arena facing away from the experimenter and towards the centre of one of the walls and allowed to move freely for 5 min. Movement was continuously recorded and observed throughout before returning the mouse to its home cage. The inner (central) region of the open field was defined as the inner 20 × 20 cm of the arena. Exploratory behaviour including head dips, and time spent in the inner and outer regions of the arena was analysed. Fewer head dips and less time in the inner region were used as measures of anxiety-like behaviour.
Novel object recognition
Equipment was set up as per Leger et al. [23] . The arena was constructed from grey plastic and measured 40 × 40 cm. A short habituation phase was used to familiarise mice to the arena. This was achieved by placing an individual mouse into the empty open field and allowing it to explore freely for 5 min before being returned to its home cage. 24-h following the habituation phase, the familiarization phase was performed by placing two identical objects (100 ml glass conical flask with stopper) in the open field, 5 cm away from the walls, equidistant apart. Each mouse was placed in the middle of the arena facing away from the experimenter and towards the centre of one of the walls and allowed to move freely for 5 min. Test sessions were conducted 24 h after the familiarization phase, and were performed by replacing one of the habituated objects with a novel object (100 ml glass Schott bottle with lid, filled with coloured sterilization beads) placed in the same location as the familiarization phase. Each mouse was again placed in the middle of the arena facing away from the experimenter and towards the centre of one of the walls and allowed to move freely for 5 min. Exploratory behaviour towards novel and familiar objects was analysed. The ratio of total time spent exploring novel/familiar objects is used as an index of recognition memory. Less time spent exploring the novel object was considered as an indication of a memory deficit.
Western analysis
Hippocampal tissues (N = 5 to 6 per group per sex at each age) were cryodissected and homogenised in RIPA lysis buffer containing a 1% cocktail of protease inhibitors. Tissue homogenates were centrifuged at 4°C for 10 min at 10,000 RPM. The supernatant was collected and 30 μg of total protein was loaded onto a 10% gel and subjected to SDS-PAGE. Proteins were transferred to FL PVDF membranes (Bio-Rad), blocked in 4% fish gelatine and incubated with rabbit anti-GluN2A antibody (1:1000, Millipore, product code 07-632) overnight at 4°C. Mouse polyclonal anti-beta actin antibody was used as an endogenous control (1:30,000, Sigma-Aldrich, product code A1978). Anti-rabbit (1:15,000) and anti-mouse (1:15,000) secondary antibodies (Millennium Science) were used and protein expression was analysed using a LI-COR Odyssey infrared imaging system (Millennium Science). Membranes were then stripped and re-probed with rabbit anti-GluN2B antibody (1:1000, Millipore, product code 06-600) and the above process repeated. Relative expression of GluN2A and GluN2B was determined by measuring band intensity relative to β-actin. The ratio of GluN2B to GluN2A protein expression was also calculated and compared at each postnatal age. GluN1 protein expression was also determined using the above protocol (rabbit anti-GluN1 antibody, 1:1000, Millipore, product code AB9864) and band intensity was normalised to β-actin.
Statistical analysis
Analyses were performed using GraphPad Prism 6 software. Protein expression was analysed using a two-tailed unpaired t-test and presented as mean ± SEM. Grip strength and pup weights were analysed by two-way ANOVA with a Tukey's multiple comparisons test. A Shapiro-Wilk normality test was used to determine the normality and distribution of behavioural data. Suok, novel object and hole board tests were analysed by two-way ANOVA with a Tukey's multiple comparisons test and presented as mean ± SEM. The elevated plus maze test was analysed by a non-parametric Mann-Whitney test and presented as median ± IQR. Pearson's correlation coefficient was also used to determine the relationship between NMDAR expression and changes in behaviour. P < 0.05 was regarded as statistically significant for all tests.
Results
Reduced body weight in postnatal offspring
At PN2 there were no differences in body weight between groups. At PN8 and PN15, there was a significant effect of diet (Pdiet < 0.001), as the body weight of MMD offspring was reduced by approximately 10-20% in both sexes (Table 1) . At PN21, the body weight of offspring from Mg-deficient dams was not statistically different to that of the controls in either sex. Mg-deficient offspring at 6 months of age were also similar in weight to the controls in both males and females.
Behavioural changes in Mg-deficient offspring
The grip strength test revealed no differences in motor strength between control and Mg-deficient groups at 6 months of age (Table 2) . This confirmed that changes in behavioural outcomes were not confounded by differences in motor strength between groups.
Suok
The Suok test revealed a significant dietary effect (Pdiet < 0.05; Fig. 1C ) in both head dips (exploratory behaviour) and number of falls. Post-hoc analysis found a significant difference in the male offspring from the MMD group, which had a 40% reduction in head dips and an increased number of falls (control, 3 ± 1; MMD, 6 ± 1; P < 0.01) Table 2 Front and hind paws grip strength in 6-month-old offspring from Mg-deficient dams. [39] [40] [41] [42] [43] [44] [45] [46] [47] compared to offspring in the control group. Although Mg-deficient female offspring showed a ∼15% reduction in head dips, post-hoc analysis demonstrated that this was not statistically significant when compared to the control offspring. There were no significant differences in the number of falls (control, 2 ± 1; MMD, 2 ± 1) in females.
Elevated plus maze
A Shapiro-Wilk normality test revealed that data collected from the elevated plus maze was not normally distributed (P < 0.05), therefore a non-parametric Mann-Whitney test was used to analyse behaviour separately in male and female offspring. Male MMD offspring demonstrated a significant reduction in time spent in open arms (∼60%) and a significant reduction in open arm entries (∼50%) (P < 0.05; Fig. 1A and B). The total number of arm entries (both open and closed) was not different between control and MMD male offspring. There were no significant differences between control and Mg-deficient female offspring.
Hole-board
There were no differences in exploratory behaviour between control Ratio of novel/familiar object exploration using the novel object test. All behavioural tests were conducted for a total of 5 min. N = 11-12 offspring per group per sex. Suok and novel object tests are presented as mean ± SEM. Elevated plus maze is presented as median ± IQR with vertical lines depicting the range. * indicates significant differences between groups (P < 0.05). [39] [40] [41] [42] [43] [44] [45] [46] [47] and MMD offspring with respect to head dips, rearing and time spent in the middle sector during the hole-board test (Table 3 ). There was a significant effect of sex (Psex < 0.05) where males showed greater levels of exploration than females.
Novel object recognition
There was a significant effect of diet (Pdiet < 0.05; Fig. 1D ) in novel object exploration in both male and female offspring. Post-hoc analysis demonstrated that novel object exploration was reduced by ∼45% in males and ∼40% in females in offspring from the MMD group. Furthermore, females spent less time exploring the novel object when compared to males (Psex < 0.05).
Hippocampal NMDAR expression
After identifying differences in behaviour between control and MMD offspring, we investigated whether these changes were associated with alterations in NMDAR subunit expression at weaning (PN21) or in adulthood (6 months). At PN21, MMD male offspring showed modest decreases in GluN2B and GluN2A expression, although these changes were not statistically different when compared to controls ( Fig. 2A and  C) . MMD PN21 female offspring showed significantly reduced GluN2B (35% reduction) and GluN2A expression (40% reduction) when compared to control females (P < 0.05; Fig. 2A and C) . By 6 months of age, MMD males had significantly reduced GluN2A protein expression (30% reduction), whereas MMD females showed significantly increased levels of GluN2A (20% increase) and GluN2B (30% increase) (P < 0.05; Fig. 2B and D) . GluN1 expression was not altered at PN21 in either sex (Fig. 2E) , however by 6 months of age male MMD offspring had a significant reduction in GluN1 expression (25% decrease), whereas MMD females showed a significant increase in GluN1 expression (25% increase) compared with matched controls (P < 0.05; Fig. 2F ).
Earlier age groups were also studied (PN2, PN8 or PN15) for changes in subunit expression however there were no significant Fig. 2 . Absolute protein expression of GluN2B (A and B), GluN2A (C and D) and GluN1 (E and F) in offspring at PN21 and 6 months of age. N = 5-6 per group per sex per age. * indicates significant differences between groups (P < 0.05).
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Behavioural Brain Research 328 (2017) [39] [40] [41] [42] [43] [44] [45] [46] [47] differences in total GluN1, GluN2A or GluN2B expression between control and Mg deficient mice of either sex. The GluN2B:GluN2A expression ratio was calculated in offspring at various ages. MMD males showed a 30% increase in the GluN2B:GluN2A ratio at PN21 (P < 0.05; Fig. 3A ) but there was no overall change in PN21 female offspring (Fig. 3B) . However, by 6 months of age both male and female MMD offspring showed an approximately 15% increase in GluN2B:GluN2A expression ratio (P < 0.05; Fig. 3A and B) .
Correlation analysis of behaviour and NMDAR subunit expression at 6 months of age
As we found strong evidence of altered NMDAR subunit expression in adult Mg-deficient offspring, we then examined whether these changes in receptor expression and GluN2B:GluN2A ratio were correlated with the observed behavioural outcomes. We identified that GluN2A expression in males at 6 months of age was associated with some anxiety-like behavioural measures and recognition memory (Table 4 ). While expression of GluN2B was not significantly correlated with any behavioural outcome in male offspring, the GluN2B:GluN2A ratio was correlated to behavioural outcomes from the Suok, elevated plus maze and NOR. Although significant increases in GluN2A and GluN2B expression and the GluN2B:GluN2A ratio were observed in female offspring at 6 months of age, there were no significant associations between the GluN2B:GluN2A ratio and behavioural outcomes in females. However, in 6 month old females we did observe an association between GluN2A and GluN2B expression and both the NOR outcomes and some anxiety associated measures in the Suok test (Table 4 ).
Discussion
In the current study, we used a mouse model of moderate maternal Mg deficiency to investigate the importance of developmental Mg availability on behavioural outcomes and hippocampal NMDAR subunit expression. Our findings show that maternal hypomagnesemia was associated with the development of recognition memory deficits and Fig. 3 . Ratio of protein expression of GluN2B and GluN2A in male (A) and female (B) offspring at PN2, PN8, PN15, PN21 and 6 months of age. N = 5-6 per group per sex per age. * indicates significant differences between groups (P < 0.05).
Table 4
Correlation analysis of anxiety-like behaviours and NMDAR subunit expression. anxiety-like behaviours in male offspring. Furthermore, these behaviours were closely correlated with reduced expression of the hippocampal NMDAR subunits GluN1 and GluN2A at 6 months of age. In contrast, female offspring of Mg-deficient dams had increased expression of GluN1, GluN2A and GluN2B compared to control offspring at 6 months of age, and showed no overt differences in anxiety-like behaviour. The changes in absolute protein expression of NMDAR subunits also led to an increase in the GluN2B:GluN2A ratio in both sexes. Our findings demonstrate that maternal Mg deficiency is associated with alterations in NMDAR expression, which may then contribute to the development of anxiety-like behaviour in adult male offspring. In Mg-deficient offspring, body weight was reduced at PN8 and PN15 as we have previously reported [5] . This coincides with the crucial period of NMDAR maturation, during which significant changes in GluN2 receptor expression normally occur [11] . These growth deficits during key periods of postnatal brain maturation led us to question whether maternal Mg deficiency would lead to behavioural changes during adult life.
Maternal Mg deficiency showed clear evidence of programming of behavioural alterations in adult offspring. At 6 months of age, male (but not female) MMD offspring exhibited anxiety-like behaviours, as evidenced by a reduction in the number of entries and time spent on open arms of the elevated plus maze. This is unlikely to be due to altered locomotor activity, as the total number of arm entries (both open and closed) was not different between these two groups. Furthermore, we recently used the highly-sensitive technique of implantable radiotelemetry to directly measure blood pressure, heart rate and locomotor activity in this model of maternal Mg deficiency, and found no differences in day, night, or overall locomotor activity in the adult offspring [24] . Male MMD offspring also showed more slips/ falls during the Suok test. No differences in limb grip strength were observed, so the greater number of slips/falls may indicate poorer balance or motor coordination in male MMD offspring.
In these experiments, both male and female MMD offspring had a significant reduction in novel object exploration, indicating impaired recognition memory [23] . However, this finding should be interpreted with caution in the female offspring, as the control females spent similar amounts of time interacting with each object, suggesting that they did not discriminate between the novel and familiar objects. Taken together, these findings illustrate that maternal Mg deficiency can program for specific behavioural alterations, particularly in male offspring. Further investigations using a wider array of cognitive tests will help to clarify the impact of maternal Mg deficiency on learning and memory in adult offspring.
Our results are consistent with previous experimental studies demonstrating that nutritional deficiencies during pregnancy adversely influence neurological and behavioural outcomes in offspring. In a mouse model, moderate global food restriction from mid-pregnancy until PN7 led to anxiety-like behaviour in female offspring, and impaired recognition memory in male offspring [25] . Maternal protein restriction during pregnancy and lactation also led to enhanced anxietyrelated behaviours in adult offspring of both sexes [26] . Importantly, maternal micronutrient deficiencies have also been shown to program altered behavioural outcomes and cognitive deficits in offspring. In mice, dietary vitamin D deficiency from 6 weeks before pregnancy and throughout gestation leads to subtle behavioural changes such as increased exploratory head-dipping and enhanced locomotor activity in adult offspring [7] . Perinatal iron deficiency also significantly impacts upon behaviour in adult rat offspring, with male offspring of iron-restricted dams demonstrating reduced exploration and increased anxiety-like behaviours in open field tests [27] . Iron deficiency during early development also leads to cognitive deficits, with independent investigations showing impaired performance in both novel object recognition [28] and the Morris water maze [27] . While these studies (and our own) have used different models of maternal dietary restriction, they share a common finding of programmed behavioural and cognitive deficits in offspring following gestational and/or perinatal nutrient deficiency. This suggests that although the overall growth of the developing brain is sometimes considered to be 'spared' from the effects of a sub-optimal uterine environment, it remains particularly sensitive to insults that can then impact upon both neural development and behaviour in offspring.
While dietary Mg deficiency in adults is known to enhance anxietyrelated behaviour [19, 20] , it is important to note that in our model of developmental Mg deficiency there are no differences in plasma Mg levels in the adult offspring [24] . Thus, the behavioural changes are due to altered Mg availability during a critical period of development, and are not due to reduced Mg levels in the adult offspring. Interestingly, we have previously shown that while moderate Mg deficiency reduces plasma Mg in the dam by ∼40%, the fetal plasma Mg levels are maintained in a normal range during late gestation [5] . Despite this, the reduced maternal Mg availability during gestation had a significant and long-lasting impact upon brain development and behaviour in the adult offspring. Since dietary Mg restriction is associated with alterations in NMDA receptor complexes [29] , we next examined the expression of NMDARs during early postnatal life and adulthood, and explored how changes in NMDAR expression may be correlated with altered behaviours.
During early postnatal life (PN2-PN8), offspring from both control and MMD groups showed low levels of GluN2A expression relative to GluN2B expression, consistent with previous findings. Normally, following the first week of postnatal life NMDARs change their composition from predominantly GluN2B-containing, and increase GluN2A expression [30] [31] [32] . This change in subunit composition leads to functional changes in NMDAR-mediated currents [33] , which has important implications for synaptic function and circuit formation. In the present study, we found an increase in the hippocampal GluN2B:-GluN2A expression ratio at weaning (male MMD offspring) and at 6 months of age (male and female MMD offspring), suggesting that maternal Mg deficiency is influencing the normal developmental pattern of NMDAR subunit expression.
Altered NMDAR subunit expression has been suggested to influence behaviour and cognition [34] . Importantly, numerous experimental studies have found that alterations in NMDAR subunit expression can be programmed through other maternal and postnatal insults. Maternal zinc deficiency during gestation reduces GluN1 expression [17] , while developmental dietary vitamin D deficiency reduces NMDA receptor density in male and female adult offspring [35] . Indeed, micronutrient deficiencies during development have a substantial effect on protein expression patterns in adulthood. A recent study using proteomic analysis found 331 proteins (including GluN2B and other NMDARassociated proteins) that were differentially expressed in hippocampal synaptosomes from adult rats with developmental iron deficiency [18] .
These programmed changes in NMDAR subunit expression have also been associated with altered behaviour and cognition in adult offspring. For example, mid-gestational exposure to the glucocorticoid dexamethasone reduces both hippocampal GluN2B expression and Morris water maze performance in adult offspring [36] . Similarly, the offspring of rats exposed to restraint stress during late gestation have reduced expression of GluN1 and GluN2A in hippocampal tissue, and display both anxiety-like and depressive-like behaviours [37, 38] . These studies collectively suggest a role for altered NMDAR expression in the development of anxiety-like behaviour in offspring following a maternal insult during pregnancy.
Our results indicate that maternal Mg deficiency can lead to sexually dimorphic alterations in the offspring, as only male offspring showed altered behaviour in the EPM. The existence of sex differences in fetal/developmental programming are a well-established phenomenon, and increased anxiety-like behaviours in male offspring following maternal insult has been previously reported [38] . Similarly, we also see sexual dimorphism in NMDAR expression which may be due in part to estrogen-mediated regulation of its subunits. Previous studies have demonstrated reduced NMDAR binding density and GluN1 and GluN2A expression in the hippocampus following ovariectomy, and reversal of this with estradiol treatment [39] . The ability of estrogen to enhance long-term potentiation at hippocampal synapses is also dependent on NMDARs [40] . Exogenous estrogen also improves spatial memory performance in ovariectomized rats [41] . Although this does not explain all the sexually dimorphic behavioural outcomes in our model, the increased NMDAR subunit expression in adult MMD female offspring may be due to alterations in estrogen-mediated pathways. Previous findings indicate that these alterations may be occurring as early as embryonic development, as tissue levels of sex hormones in male and female rodent brains are significantly different during late gestation, particularly in the hippocampus [42] .
Conclusion
Maternal nutrition plays an important role in the health outcomes of offspring. Our results show that maternal hypomagnesemia caused sexually dimorphic changes in NMDAR subunit expression, evidenced by reduced GluN1 and GluN2A in males, and increased GluN1, GluN2A and GluN2B in females. We also identified that the GluN2B:GluN2A ratio was increased in both male and female offspring, and was associated with anxiety-like behaviour in adult male offspring. This association between altered NMDAR expression and changes in behaviour may provide a potential mechanism for maternally programmed anxiety-like behaviour in offspring. For the first time, we have shown that maternal Mg deficiency during pregnancy and lactation programs for sexually dimorphic changes in hippocampal NMDAR subunit expression in adult offspring. This study emphasises the importance of maintaining adequate dietary Mg throughout this critical period in order to promote healthy neurological outcomes in offspring.
